Rationale Maternal behavior in laboratory rats requires a network of brain structures including the ventral bed nucleus of the stria terminalis (BSTv) and medial preoptic area (mPOA). Neurotransmitter systems in the BSTv and mPOA influencing maternal behaviors are not well understood, although norepinephrine is an excellent candidate because the BSTv contains the densest noradrenergic fiber plexus in the forebrain and norepinephrine in the mPOA is known to influence other female reproductive functions. Objectives We hypothesized that downregulated noradrenergic activity in the BSTv and mPOA is necessary for mothering. Methods Postpartum mother-litter interactions were observed after BSTv infusion of yohimbine (an α2 autoreceptor antagonist that increases norepinephrine release), and after BSTv or mPOA infusion of the more selective α2 autoreceptor antagonist idazoxan. Lastly, noradrenergic input to the BSTv/ mPOA was selectively lesioned in nulliparous rats with anti-DBH-saporin to determine if this would facilitate mothering.
licking in parous females (Lee et al. 2000; Numan and Insel 2003) .
The mPOA may act as a functional unit with the adjacent ventral bed nucleus of the stria terminalis (BSTv) to influence maternal behaviors in rodents (Numan and Numan 1997; Numan and Insel 2003) . In support, the BSTv also contains high densities of the steroid and neuropeptide receptors that establish mothering in female rats (Bakowska and Morrell 1997; Freund-Mercier et al. 1987; Pfaff and Keiner 1973) , shares many of the same afferent and efferent projections as the mPOA (Dong and Swanson 2006a, b; Simerly and Swanson 1988) , has immediate-early gene expression that is elicited by the same pup stimuli that activate the mPOA Numan 1994, 1995) , and postpartum BSTv lesions disrupt oral maternal behaviors similar to that found after mPOA lesions (Numan and Numan 1997) .
The BSTv is critical for maternal care, but nothing is known about what neurochemical systems in this site influence nurturant behaviors. An excellent candidate is norepinephrine. The mammalian BSTv contains the densest noradrenergic terminal field in the forebrain, which primarily arises from medullary A1 and A2 cells (Fendt et al. 2005; Phelix et al. 1992; Riche et al. 1990; Roder and Ciriello 1994; Woulfe et al. 1990 ). In male rats, norepinephrine is tonically released in the BSTv and produces an inhibitory effect by attenuating local glutamate release that otherwise suppresses GABA-mediated inhibitory postsynaptic currents (Forray et al. 1997 (Forray et al. , 1999 . Indeed, norepinephrine reduces excitability of 70 % of BSTv neurons while increases it in only 2 % of them (Casada and Dafny 1993 ). Norepinephrine's suppression of BSTv excitability includes glutamatergic cells projecting to the VTA (Dumont and Williams 2004) , so norepinephrine may blunt mesolimbic dopamine release necessary for the expression of rewarding behaviors such as mothering (Keer and Stern 1999; Numan et al. 2005) . Given norepinephrine's inhibitory effect on cell firing and possible interference with mesolimbic dopamine release, low noradrenergic activity in the BSTv may be characteristic of mother rats and essential for their maternal behavior. There is precedent for noradrenergic downregulation in mothers. Compared to virgin females, the paraventricular nucleus (PVN) of lactating rats has lower basal norepinephrine release and is less responsive to noradrenergic agonists (Toufexis et al. 1996 (Toufexis et al. , 1998 Windle et al. 1997) , and this contributes to the postpartum suppression of the HPA axis (Douglas 2005) . Most A1 and A2 noradrenergic projections to the PVN collateralize to the BSTv (Bienkowski and Rinaman 2008; Woulfe et al. 1988) , thereby providing a neuroanatomical basis for a simultaneous decrease in norepinephrine release in the postpartum PVN and BSTv.
In the present experiments, we predicted that increasing norepinephrine release in the BSTv would disrupt ongoing maternal behavior in postpartum rats. Conversely, we predicted that decreasing norepinephrine release in the BSTv would facilitate maternal responding in non-parturient females. We tested the first prediction by infusing the α2 autoreceptor antagonist yohimbine, or more selective α2 autoreceptor antagonist idazoxan (each increases BST norepinephrine release- Forray et al. 1995 Forray et al. , 1997 Herr et al. 2012; Palij and Stamford 1993; Park et al. 2009 ), into the BSTv of postpartum rats and evaluated the effects on maternal behaviors. We then examined idazoxan's effects on mothering after its infusion into the mPOA. The mPOA contains moderate norepinephrine concentrations and receptor expression (Bruning et al. 1987; Rainbow et al. 1984; Simerly et al. 1986 ), but mPOA α2 autoreceptor antagonism may have a similar effect in maternal care as it does in the BSTv because (1) both sites receive most of their noradrenergic input from the A1 and A2 groups and probably from the same collateralizing cells (Fernández-Galaz et al. 1994; Schiltz and Sawchenko 2007) , (2) similar to the BSTv, norepinephrine inhibits mPOA neurons by increasing GABA release (Herbison et al. 1989 (Herbison et al. , 1990 Leung et al. 1981) , and (3) noradrenergic activity in the mPOA contributes to other aspects of female reproductive physiology and behavior (Caldwell and Clemens 1986; Etgen et al. 2006) .
We tested the second prediction that loss of noradrenergic input to the BSTv and mPOAwould facilitate maternal responding in nulliparous rats by selectively destroying the noradrenergic innervation of these sites with the neurotoxin saporin conjugated to an antiserum targeting dopamine-β-hydroxylase (Anti-DBH-SAP). Females then underwent a maternal sensitization paradigm that elicits maternal responding in virgin rats (Rosenblatt 1967) . Because high maternal responsiveness may require blunted emotional reactivity (see Lonstein 2005 Lonstein , 2007 , we also examined virgin females' anxiety-related behavior.
Methods
Experiments 1 and 2: effects of α2 autoreceptor antagonism in the BSTv with yohimbine or idazoxan on postpartum maternal behavior
Subjects
Subjects were adult Long-Evans female rats born in our colony and housed as previously described (Smith and Lonstein 2008) . Females were monitored daily with a vaginal impedance meter (Fine Science Tools, Foster City, CA, USA) and on a day of proestrus placed overnight with a sexually experienced Long-Evans male rat. Pregnant females were housed two to three per cage until being implanted with intracranial cannula between days 15 and 18 of pregnancy (see below), after which they were singly housed. The day of parturition was day 0 postpartum. Litters were culled soon after birth to contain four males and four females. The principles of laboratory animal care were followed and procedures approved by the Animal Care and Use Committee at Michigan State University.
Stereotaxic surgery
Subjects received permanent intracranial cannulae using methods we have previously described (Miller and Lonstein 2005; Miller et al. 2010) . Briefly, females were anesthetized with ketamine (90 mg/kg IP; Butler, Dublin, OH, USA) and xylazine (4 mg/kg IM; Butler), and holes were drilled bilaterally above the BSTv (A/P 0.0, M/L ± 1.2; n023 for yohimbine, n034 for idaxozan) or mPOA (A/P 0.0, M/L ± 0.75; n0 21). A 5-mm-long, 22-gauge bilateral stainless steel guide cannula (Plastics One, Roanoke, VA, USA) was permanently implanted and kept patent with a dummy stylet extending 1 mm beyond the end of the cannulae. A dust cap covered the entire apparatus. After surgery, subjects received buprenorphine (0.015 mg/kg IP; Reckitt Benckiser, Parsippany, NJ, USA) and were placed on a heating pad until recovery.
Drug infusions
On day 1 postpartum, dams were habituated to the handling and testing procedures as described elsewhere (Miller and Lonstein 2005) . The next day, subjects and litters were carried in their home cages to the testing room. Litters were weighed and placed in an incubator set at nest temperature (34°C). Two hours later, dams were brought in a clean cage to the infusion room. In experiment 1, yohimbine hydrochloride (Sigma USA; 2 or 6 μg, divided in half and delivered in 125 nl of 2:1 propylene glycol:saline vehicle per hemisphere), idazoxan hydrochloride (Sigma USA; 10 or 20 μg, divided in half and delivered in 125 nl saline per hemisphere), or 125 nl/hemisphere of the corresponding vehicle was slowly infused into the BSTv over 1 min through a 16-mm-long bilateral 28-gauge injector connected to a 0.5-μl Hamilton syringe (Hamilton, Reno, NV, USA). In experiment 2, idazoxan hydrochloride (20 μg, divided in half and delivered in 125 nl saline per hemisphere) or 125 nl/hemisphere of saline was infused into the mPOA with a 17-mm-long bilateral injector. Doses were chosen by their effects on other behaviors when infused into the rat brain (Cervo et al. 1990; Dodge and Badura 2002; Gulia et al. 2002; Guo et al. 1996) . After infusion, the injectors remained for an additional 60-90 s and was then slowly removed. Subjects were returned to their home cage and left undisturbed for 10 min until reunion with the litter.
Maternal behavior testing
Pups were removed from the incubator, expressed of urine and feces, weighed, and scattered in the home cage opposite the nest. Numerous maternal and non-maternal behaviors were continuously recorded on a laptop for 45 min as detailed elsewhere (Miller and Lonstein 2005) . If a subject did not retrieve all pups within 10 min, the observation was briefly paused and the remaining pups gently placed in the nest to better assess nursing in response to a full litter. After testing, litters were weighed to assess milk ingestion.
Verification of infusion sites
Within a week after testing, subjects were overdosed with sodium pentobarbital and perfused with 100 ml of 0.9 % saline. Brains were removed and postfixed overnight in 10 % formalin and then submerged in 20 % sucrose for at least 2 days. Brains were cut into 40-μm sections and stained with Neutral Red. Sites of infusion were analyzed at 100× magnification and mapped onto plates from Swanson's (1998) atlas of the rat brain. Only dams with accurately placed infusions were included in the data analyses. An infusion was considered a BSTv hit if it terminated in the subcommissural BST betweeñ 0.0 and −0.51 mm from bregma, where the densest noradrenergic fibers and concentrations of norepinephrine are found (Fendt et al. 2005; Fuentealba et al. 2000) . Infusions were considered an mPOA hit if terminated within this site between approximately −0.11 and −0.88 mm from bregma.
Data analyses
In experiment 1, behavior latencies and durations were analyzed with one-way ANOVAs. The number of pups retrieved was not normally distributed so was analyzed with KruskallWallis tests. In cases of significant effects (p<0.05), pair-wise post hoc comparisons were performed using p-corrected Fisher's LSD or Mann-Whitney U tests, with significant differences indicated by p<0.017. In experiment 2, unpaired t tests were used to compare idazoxan-treated and vehicletreated dams, with the number of pups retrieved not normally distributed so analyzed with Mann-Whitney U tests. Statistical significance was indicated by p<0.05. Total time with pups was the summed durations of hovering over the litter plus nursing. Because drug-treated dams often did not retrieve, time in contact with pups was converted into a percentage of observation time beginning after mothers first hovered over the full litter. Similarly, the percentage of time dams spent nursing was calculated from the time mothers retrieved all pups to the nest or had remaining pups placed there by the experimenter.
Experiment 3: effects of anti-DBH-SAP on maternal behavior of nulliparous virgin female rats
Anti-DBH-SAP infusion and ovariectomy
Twenty-five female Long-Evans rats from our colony were anesthetized as described above. Holes were drilled over the plexus of noradrenergic fibers in the BSTv (A/P00.0, M/L0 1.5 from bregma) and 250 nl of anti-DBH-SAP (55 ng; n015) or a control conjugate (n09; both from Advanced Targeting Systems, San Diego, CA, USA) was slowly injected over 5 min into each hemisphere through a 1.0-μl Hamilton syringe lowered 6.7 mm ventral from the skull. Pilot work revealed this was lowest volume/dose of anti-DBH-SAP that would almost eliminate DBH-ir fibers in the BSTv and also affect the mPOA. The needle remained for 10 min and then slowly retracted. The scalp was closed with surgical sutures and subjects then ovariectomized through two dorsolateral incisions. Because some neural systems inhibiting maternal behavior are revealed only in the presence of low circulating estradiol (Bridges et al. 1999) , subjects were subcutaneously implanted with a 1-cm-long silastic capsule (0.062 inner diameter) containing 2-mm of crystallized estradiol (Sigma, USA). This provides~30 pg/ml plasma estradiol, which is well below the levels inducing maternal behavior (Bridges 1984) . After surgery, subjects received 1.25 mg ketoprofen and were singly housed until testing.
Behavioral testing
Beginning 17-20 days after surgery, subjects underwent a maternal sensitization procedure (e.g., Lonstein et al. 1999) . Each morning for up to 9 days, three recently fed young pups were placed in the subjects' home cages. Observers recorded subjects' behaviors every 10 s for 15 min and the pups then remained until the next morning. Criteria for maternal behavior were retrieving all three pups to a single location and huddling over them during two consecutive observations, after which testing was terminated. The sensitization latency was the first day of the two consecutive days of full maternal behavior. Testing was terminated if a subject attacked pups on two consecutive days. Aggressive and non-sensitizing females were given the maximum latency of 8 days. Because the emergence of maternal responding may involve suppressed emotional reactivity (Fleming and Luebke 1981; Lonstein 2007) , 3 days before maternal sensitization began, anxietyrelated behavior was assessed during a 10-min test in an elevated plus maze as described elsewhere (Smith and Lonstein 2008; Miller et al. 2010 ).
Tissue collection, DBH immunohistochemistry, and fiber analysis
Within 4 days after maternal sensitization testing, females were perfused with 150 ml of saline followed by 4 % paraformaldehyde in 0.1 M sodium phosphate buffer (pH 7.6). Brains were harvested and postfixed overnight in 4 % paraformaldehyde and then stored in 20 % sucrose until sectioning into 40-μm sections. Sections were stored in a sucrose-based cryoprotectant at −20°C. Immunohistochemistry to visualize DBH fibers was performed using methods similar to those often used in our laboratory (Smith and Lonstein 2008 ) using a mouse monoclonal primary antiserum raised against DBH (1:2,500; MAB308 Millipore, Billerica, MA, USA) and a biotinylated goat-anti-mouse secondary antiserum (1:500; Vector Laboratories, Burlingame, CA, USA).
DBH immunoreactivity was assessed by obtaining optical density measurements from three consecutive sections in the one-in-two series of sections through the BSTv and mPOA of each subject. Because noradrenergic projections to the BSTv collateralize to the PVN, density of DBH-ir fibers in the PVN was also determined from three sections in the series. Images of each site were captured at 100× and the average light level adjusted for each image so it would be constant across all sections. Boxes of a standardized size for each site covering the area of interest were superimposed upon the images and the area covered by pixels above an established light threshold optimized to capture foreground immunoreactivity was calculated using NIS-Elements.
Statistical analyses
Maternal behavior latencies were analyzed with MannWhitney U and t test tests. Plus-maze behaviors and DBH immunoreactivity were compared between groups using t tests. The relationships between females' DBH immunoreactivity and behavior were evaluated using Pearson's r. Statistical significance was indicated by p ≤0.05.
Results
Experiment 1: effects of α2 autoreceptor antagonism in the BSTv with yohimbine or idazoxan on postpartum maternal behavior Yohimbine Four females with misplaced infusions were excluded from the study. Accurately placed infusions are represented in Fig. 1 . All dams rapidly made contact with the litter at reunion (Table 1) , but dams receiving yohimbine showed severely disrupted retrieval of pups thereafter. All vehicle-infused rats retrieved the entire litter within 10 min, but only 3/7 dams receiving the low dose and 2/6 dams receiving the high dose of yohimbine retrieved any pups (χ 2 013.14, p00.038). Of the yohimbinetreated dams that retrieved any pups, two low-dose dams and none of the high-dose dams retrieved the entire litter (χ 2 06.50, p00.0014). Accordingly, groups differed in the number of pups retrieved (H 2 09.27, p<0.01; Fig. 2 ). In contrast, yohimbine did not significantly affect time spent licking the pups or nesting/digging. Exploring the cage and self-grooming were each significantly increased by yohimbine (Table 1) .
The latency for dams to begin hovering over the litter after all pups were in the nest (retrieved by the subject or placed there by the experimenter) was significantly longer in dams receiving the high dose of yohimbine. However, the latency to begin nursing after all pups were in the nest was only non-significantly lengthened by yohimbine (Table 1 ). The raw duration and percentage of time dams spent nursing did not significantly differ among groups, although these measures were somewhat reduced in the yohimbine-treated groups. Pups of both Groups with different letters are statistically different from one another (post hoc p<0.017) a Non-responders assigned latency of 600 s groups of yohimbine-treated dams gained less weight by the end of testing compared to controls (Table 1) .
Idazoxan
Nine females with misplaced infusions were excluded from analysis. Accurately placed idaxozan infusions were very similar in location to the yohimbine infusions detailed above. One control dam was an outlier for the latency to retrieve, and one 20 μg idazoxan dam was an outlier on nesting/burrowing duration (Dixon's test, p<0.05), so each was removed from analysis of those variables. Intra-BSTv infusion of idazoxan disrupted maternal behavior. Similar to yohimbine, idazoxan did not significantly affect the latency for dams to make contact with the litter (Table 2 ). Idazoxan did disrupt subsequent retrieval, but less dramatically than yohimbine. All vehicle-treated dams, 6/7 low-dose dams, and 7/9 high-dose dams retrieved at least one pup within 10 min (χ 2 02.15, p00.34). The entire litter, however, was retrieved by only 4/7 responding high-dose females (χ 2 06.89, p00.03). Dams given the high dose of idaxozan retrieved significantly fewer pups than did the vehicle-infused controls (H 2 06.23, p<0.05; Fig. 3 ). Time spent licking, nesting/burrowing, and exploring did not significantly differ among the groups. Self-grooming was greater in the highdose dams compared to the other two groups ( Table 2) .
The latency to hover over the pups did not differ among groups, but the latency to begin nursing after all the pups were in the nest was prolonged in dams that received the high dose compared to the control dams. The high dose of idazoxan also significantly reduced both the raw duration and percentage (Table 2 ) of time spent nursing. Litters Groups with different letters are statistically different from one another (post hoc p<0.017) a Non-responders assigned latency of 600 s interacting with dams infused with the high dose of idazoxan gained less weight compared to litters of control dams (Table 2) .
Experiment 2: effects of α2 autoreceptor antagonism in the mPOA with idazoxan on postpartum maternal behavior Six dams infused with idazoxan were excluded from analysis because of misplaced infusions and another dam's data were lost during a computer malfunction. Locations of the correctly placed infusions in the mPOA are shown in Fig. 4 . Compared to dams receiving vehicle, dams that received mPOA idazoxan were significantly slower to make contact with and begin retrieving pups (Table 3) . Every control dam successfully retrieved all pups back to the nest, 4/7 idaxozan-treated dams retrieved any pups (χ 2 05.33, p00.021), and only two of those retrieved all eight pups (χ 2 09.60, p00.002). The number of pups retrieved was lower for the idazoxan-treated group compared to controls (U08, p<0.006; Fig. 5 ). Time spent licking pups and nesting/burrowing did not differ between groups, but the duration of time exploring and self-grooming were both higher for the idazoxan-treated group compared to controls (Table 3) .
Idazoxan-infused dams took longer than controls to begin hovering over and then nurse the full litters (Table 3 ). The raw duration and percentage of time spent nursing the pups after all were in the nest were significantly lower in the idazoxan-infused group compared to controls, as was the amount of weight litters gained while interacting with idazoxan-treated dams (Table 3) .
Experiment 3: effects of anti-DBH-SAP on maternal behavior of nulliparous virgin female rats Six lesioned subjects sustained unilateral loss of DBH immunoreactivity in the BSTv and mPOA and were removed from Swanson (1998) . AC anterior commissure, BSTv ventral bed nucleus of the stria terminalis, mPOA medial preoptic area. Inset-photomicrograph of representative mPOA infusion site. ac anterior commissure, 3 V third ventricle the study. In addition, the brain of one control dam was lost. The remaining anti-DBH-SAP subjects had bilateral noradrenergic lesions involving a >90 % loss of DBH-ir fibers in the BSTv (t 15 03.39, p00.00001; Fig. 6 ). Anti-DBH-SAP also decreased DBH fibers by~60 % in the mPOA (t 15 02.48, p00.026) and by~35 % in the PVN (t 15 03.08, p00.008).
The latency to show two consecutive days of maternal behavior was not significantly affected by anti-DBH-SAP. If anything, lesioned females took longer than controls in their mean (6.7±0.6 vs. 5.3±0.9 days; t 16 01.23, p00.24) and median (8 vs. 4 days; U030.0, p00.35) latencies to become maternal (Fig. 7) . Latencies to display maternal behavior were not significantly correlated with DBH-ir in any of the sites analyzed (rs<−0.2, ps>0.51).
Lesioned females did not significantly differ from controls for any variable measured in the elevated plus maze (Table 4) . Further, the latency to display maternal behavior was not significantly correlated with the percentage of time subjects had spent in open arms (r00.02, p00.93) or the percentage of entries they made into the open arms (r00.10, p00.68).
Discussion
Early studies of norepinephrine and maternal behavior in laboratory rats reported increased norepinephrine turnover in hypothalamic homogenates (probably including the mPOA and BSTv; Steele et al. 1979) 8-15 h after parturition (Moltz et al. 1975) . A similar increase is seen in the hypothalamus of maternally sensitized rats (Rosenberg et al. 1976 ). However, three later studies of maternal behavior in rats after forebrain norepinephrine depletion are difficult to reconcile. Intracerebroventricular 6-OHDA given before parturition, but not after parturition, impaired later nest building, nursing, and litter weight gain, but not retrieval (Rosenberg et al. 1977) . A second study by this group (Steele et al. 1979) severed the dorsal noradrenergic bundle during early pregnancy, which decreased norepinephrine in the hippocampus and cortex and resulted in almost no females consistently showing all maternal behaviors. In contrast, Bridges et al. (1982) severed both dorsal and ventral noradrenergic pathways during late pregnancy and found very little effect on postpartum maternal behaviors, with the exception of a small and temporary decrement in nesting. Lactation was impaired, probably due to a lack of noradrenergic stimulation of magnocellular oxytocin cells (Bealer et al. 2010 ).
The present experiments are the first to study the effects of α2 autoreceptor antagonism (which increases norepinephrine release- Forray et al. 1995 Forray et al. , 1997 Herr et al. 2012; Palij and Stamford 1993; Park et al. 2009 ) in the BSTv and mPOA on maternal behavior in postpartum rats, as well as determine if norepinephrine depletion in these sites influences maternal responsiveness in nulliparous rats. We hypothesized that α2 autoreceptor antagonism in the BSTv and mPOA, acting together as a "common functional system" necessary for maternal motivation and behavior (Lonstein and Morrell 2007; Numan and Insel 2003) , would impede caregiving behaviors. Norepinephrine tonically inhibits these sites by promoting local release of GABA, which interferes with maternal behavior (Arrati et al. 2006) . We also hypothesized that removing noradrenergic inhibition of the BSTv and mPOA would be permissive for mothering. Noradrenergic activity is downregulated in the postpartum PVN (Toufexis et al. 1996 (Toufexis et al. , 1998 Windle et al. 1997 ) and we posited this also occurs in the collateralized BSTv and mPOA. This downregulation would be consistent with the lack of behavioral effects of noradrenergic lesions performed after parturition (Rosenberg et al. 1977) . It would also be consistent with the very minor effects seen when all ascending noradrenergic fibers are severed even before females give birth (Bridges et al 1982) . That is, postpartum behavior would not be expected to be altered by removing a neurochemical system that otherwise inhibits maternal caregiving. We found support from postpartum females for the first hypothesis, but our results from the nulliparous females do not support the second hypothesis.
Our data strongly suggest that low noradrenergic activity in the BSTv and mPOA is required for postpartum maternal behavior. Acutely blocking α2 autoreceptor activity in the BSTv with yohimbine impaired retrieval of pups while leaving other behaviors mostly intact. Generally similar effects were found after BSTv infusion of the more selective α2 antagonist idazoxan. Impaired retrieval was not due to any gross locomotor deficit in drug-treated dams because their pup licking and nesting were unaffected, and their durations of other behaviors including cage exploration were sometimes increased. Interestingly, yohimine and idazoxan differed in how severely they impaired retrieval. Yohimbine partially or completely prevented retrieval in most dams, but idazoxan did so in less than half. This may be due to idazoxan's much greater selectivity for the rat α2 receptor when compared to the 5HT1a receptor (51-fold vs. 4-fold) (Newman-Tancredi et al. 1998; Winter and Rabin 1992) . Thus, while retrieval is disrupted by putatively reversing the Fig. 6 Photomicrographs of DBH immunoreactivity in the BSTv of representative nulliparous females receiving a control (n08) or b anti-DBH-SAP (n09) into the BSTv/mPOA. c Optical density (mean ± SEM) of DBH immunoreactivity in the BSTv, mPOA, and PVN of control and anti-DBH-SAP nulliparous females. *p<0.05 low norepinephrine release of the postpartum BSTv with an α2 autoreceptor antagonist, perhaps only in association with the 5HT1a receptor activity by yohimbine is retrieval almost abolished. One might instead argue that idaxozan would have been expected to be more deleterious to retrieval because α2 receptors exist on serotonergic terminals (Maura et al. 1982; Trendelenburg et al. 1994) , thereby allowing α2 antagonists to increase serotonin release (Cheng et al. 1993; Weikop et al. 2004) . Like norepinephrine, serotonin also decreases BSTv cell excitability (Hammack et al. 2009 ). Yohimbine and idazoxan may, therefore, impair retrieval by promoting release of two neurotransmitters that inhibit BSTv activity. Future studies using selective postsynaptic receptor modulators will help clarify the respective contributions of these two neurotransmitter systems in the BSTv for maternal care.
Nursing in mammals requires sufficient offspring suckling, which induces slow-wave sleep and behavioral quiescence that further maintains pup nipple attachment and suckling (Stern 1996) . The BSTv and mPOA are activated by offspring sensory cues (Fleming et al. 1994; Kalinichev et al. 2000; Lonstein et al. 1998 ) and can influence behavioral inhibition or activation via projections to sites involved in locomotion (Numan and Numan 1997) . After pups were returned to the nest, BSTv yohimbine reduced some aspects of nursing while idazoxan significantly did so. Peripheral administration of yohimbine or idazoxan can increase locomotor activity (Dickinson et al. 1988; Haapalinna et al. 1997 ) and norepinephrine in the mPOA elicits wakefulness (Berridge and O'Neill 2001) . This increased locomotion may have both contributed to and been a consequence of drug-treated dams' lower nursing and litter weight gains. Drug-treated females were often delayed in hovering over the pups, thus preventing suckling, and even when pups eventually did suckle it may have been incapable of inducing the quiescence required for continued nursing and milk letdown. Because norepinephrine can enhance oxytocin release (Bealer et al. 2010) , litter weight gain deficits may also have been more directly due to impaired milk letdown.
Norepinephrine in the mPOA coordinates sexual behavior with ovulation in female rats (Caldwell and Clemens 1986; Etgen et al. 2006) , so the mPOA was a plausible locus of noradrenergic control of maternal behaviors. Indeed, we found that idazoxan greatly interrupted retrieval after mPOA infusion. The absence of any significant effect on licking, another prominent oral maternal behavior, is salient because mPOA lesioning or infusion of a D1 receptor antagonist disrupts both behaviors (Lee et al. 2000; Miller and Lonstein 2005) . GABA receptor agonism in the mPOA also impairs retrieval but not licking (Arrati et al. 2006) , suggesting that idazoxan's effects may be mediated by increased mPOA GABA release in response to norepinephrine (Forray et al. 1997 (Forray et al. , 1999 Herbison et al. 1989 Herbison et al. , 1990 Leung et al. 1981) .
Differentiating the roles of the mPOA and BSTv for maternal behavior is difficult because of their close proximity. An alternative explanation for the mostly similar effects of idazoxan infused into the BSTv or mPOA is that the drug diffused between the sites. However, our mPOA target site was almost 1.5 mm ventromedial to our BSTv target. Fluid diffusion in the brain depends on many factors, but numerous studies reveal that 200-500 nl of various dyes or drugs infused into the BST or other sites spreads only~0.05-1 mm after a 30-90-min survival (Liu and Liang 2009; Lohman et al. 2005; Sandkühler et al. 1987; Myers and Hoch 1978) . Our experiments are some of the first to attempt distinguishing between the BSTv and mPOA in their neurochemical control of maternal behavior, and we delivered our drugs in a very small volume (125 nl/hemisphere) that is one fourth to one eighth of what those typically used in similar studies. Further, the effects on retrieval were observable within 10-15 min. An autoradiographic analysis of the extent of idazoxan binding after BSTv or mPOA infusion could help clarify its unique actions on each site, but even given these consideration it was notable that idazoxan impaired retrieval more severely after mPOA infusion than after BSTv infusion. The greater effect after mPOA infusion is reminiscent of reports that damage or inactivation of the mPOA has a greater impact on mothering than do manipulations of the BSTv (Numan and Numan 1996; Perrin et al. 2007 ). Differences in the mPOA and BSTv projections activated when mothers interact with pups may underlie these subtle differences in their behavioral function (Numan and Numan 1997) . Even without the hormonal fluctuations of pregnancy, nulliparous rats will often exhibit caregiving behaviors if repeatedly exposed to young pups (Rosenblatt 1967) . This maternal sensitization involves acceptance of the initially aversive pup olfactory cues and can be hastened by peripheral anosmia or olfactory bulbectomy (Fleming and Rosenblatt 1974a, b) . Aversion to pup cues is partly driven by the neural networks processing emotionally relevant stimuli, such as the BSTv (Davis et al. 2010) . Norepinephrine release in the BSTv increases when male rats are exposed to aversive stimuli and reducing BSTv NE release with an α2 autoreceptor agonist prevents their aversion-related behaviors (Fendt et al. 2005; Park et al. 2012; Schweimer et al. 2005) . Thus, the BSTv is a site of interface between the brain networks necessary for maternal and aversive responding, and we have found that BSTv yohimbine not only disrupts mothering but also increases dams' anxiety (Smith et al. in preparation) . By destroying the noradrenergic innervation of the BSTv in nulliparous females, we attempted to remove part of the neural systems processing aversive stimuli. This probably would not alone induce maternal behavior, as simultaneous upregulation of maternal motivation would also be necessary (Fleming et al. 1989; Lonstein and Morrell 2007) , but upregulated maternal motivation also could have been achieved by anti-DBH-SAP because the lesions could have removed the tonic noradrenergic inhibition of BSTv excitatory projections to the VTA (Dumont and Williams 2004; Georges and Aston-Jones 2002) and the tonic inhibition of many mPOA cells (Herbison et al. 1989 (Herbison et al. , 1990 Kim et al. 1988; Leung et al. 1981) . By mimicking the naturally suppressed noradrenergic system of postpartum rats, anti-DBH-SAP lesions could have produced a two-pronged effect promoting maternal responding in nulliparae.
Anti-DBH-SAP did almost eliminate DBH fibers in the BSTv, as well as most in the mPOA and some in the PVN, consistent with other studies (Banihashemi and Rinaman 2006; Bienkowski and Rinaman 2008; Schiltz and Sawchenko 2007) . Even this extensive noradrenergic lesion was incapable of hastening maternal sensitization, though. Clearly, noradrenergic input to these sites does not alone inhibit mothering. It is possible that instead of a complete withdrawal, a complex pattern of noradrenergic input promotes maternal care. Rats do show a brief periparturitional increase in noradrenergic neurotransmission (Moltz et al. 1975 ) that may "prime" the brain to then respond to the decline in norepinephrine with a permissive effect on mothering.
Anxiety-related behavior was unaffected by anti-DBH-SAP, which was surprising, although elevated zero maze behavior is similarly unaffected in male rats with anti-DBH-SAP lesions of the BSTv (Carvalho et al. 2010) . This negative result is worth further investigation considering the extensive literature on BST norepinephrine and anxiety behaviors. Perhaps anti-DBH-SAP would have blunted anxiety in our nulliparous females only under particular circumstances, such as after exposure to an acute stressor (Morilak et al. 2005) .
In sum, acute α2 autoreceptor antagonism in the BSTv/ mPOA disrupts postpartum maternal behaviors, but removing the noradrenergic innervation of these sites does not stimulate mothering in nulliparous females. A more complex pattern of noradrenergic activity, perhaps also requiring the presence of stimulatory factors such as the estradiol and prolactin receptor activity characteristic of late pregnancy, may be necessary for the peripartum onset of maternal behaviors.
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